kinases [with no lysine (K) kinase] are emerging as regulators of several membrane transport proteins in which WNKs act as molecular switches that coordinate the activity of several players. Members of the cationcoupled chloride cotransporters family (solute carrier family number 12) are one of the main targets. WNK3 activates the Na ϩ -driven cotransporters NCC, NKCC1, and NKCC2 and inhibits the K ϩ -driven cotransporters KCC1 to KCC4. WNK4 inhibits the activity of NCC and NKCC1, while in the presence of the STE20-related prolinealanine-rich kinase SPAK activates NKCC1. Nothing is known, however, regarding the effect of WNK4 on the K ϩ -Cl Ϫ cotransporters. Using the heterologous expression system of Xenopus laevis oocytes, here we show that WNK4 inhibits the activity of the K ϩ -Cl Ϫ cotransporters KCC1, KCC3, and KCC4 under cell swelling, a condition in which these cotransporters are maximally active. The effect of WNK4 requires its catalytic activity because it was lost by the substitution of aspartate 318 for alanine (WNK4-D318A) that renders WNK4 catalytically inactive. In contrast, three different WNK4 missense mutations that cause pseudohypoaldosteronism type II do not affect the WNK4-induced inhibition of KCC4. Finally, we observed that catalytically inactive WNK4-D318A is able to bypass the tonicity requirements for KCC2 and KCC3 activation in isotonic conditions. This effect is enhanced by the presence of catalytically inactive SPAK, was prevented by the presence of protein phosphatase inhibitors, and was not present in KCC1 and KCC4. Our results reveal that WNK4 regulates the activity of the K ϩ -Cl Ϫ cotransporters expressed in the kidney. intraneuronal chloride concentration; transepithelial salt absorption THE K ϩ
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intraneuronal chloride concentration; transepithelial salt absorption THE K ϩ -CL Ϫ COTRANSPORTERS belong to the cation-coupled chloride cotransporter's gene family of membrane proteins (SLC12). This family is divided into two branches. One branch is represented by the K ϩ -driven K ϩ -Cl Ϫ cotransporters KCC1 to KCC4 and the other one by the Na ϩ -driven Na ϩ :Cl Ϫ , NCC, and Na ϩ :K ϩ :2Cl Ϫ cotransporters NKCC1 and NKCC2 (18) . Four genes encode isoforms of the K ϩ :Cl Ϫ cotransporter. These genes are known as SLC12A4, SLC12A5, SLC12A6, and SLC12A7 and encode the K ϩ -Cl Ϫ cotransporter isoforms KCC1, KCC2, KCC3, and KCC4, respectively. KCC1 exhibits ubiquitous expression and its primary role seems to be cell volume regulation. KCC2 is only present in neurons in which its activity is critical to define intraneuronal chloride concentration. KCC3 and KCC4 are expressed in several tissues, including the central nervous system and the kidney, and may play a role in several physiological processes such as transepithelial salt absorption, renal K ϩ secretion and reabsorption, myocardial K ϩ loss during ischemia, and vascular smooth muscle cell relaxation (18, 33, 37) .
Several lines of evidence suggest the presence of basolateral K ϩ -Cl Ϫ cotransporter systems in proximal tubule (PT) (6, 29) , thick ascending limb of Henle's loop (TALH) (3, 22) , and collecting duct (CD) (43, 55) , as well as in the apical membrane of the distal convoluted tubule (DCT), in which the K ϩ -Cl Ϫ cotransporter plays a role in K ϩ secretion (4, 15, 45) . Immunolocalization studies in the kidney have shown that KCC3 and KCC4 are present in the basolateral membrane of the proximal tubule and KCC4 is also expressed in the basolateral membrane of the TALH, DCT, and the ␣-intercalated cells of the CD (7, 35, 46) . The distribution of KCC1 protein along the nephron has not been determined. Inactivating mutations of KCC3 are the cause of a rare neurological syndrome known as Anderman's disease featuring agenesis of the corpus callosum with motor and sensory neuropathy, mental retardation, and psychosis (23) . Targeted disruption of KCC3 in mice results in a complex neurological phenotype, without major disturbances in renal function, but with the development of arterial hypertension, probably related to a role of KCC3 in vascular smooth muscle cell relaxation (2, 8, 42) . No disease has been linked to KCC4, but targeted disruption of this cotransporter gene in mice produces a syndrome of deafness and renal tubular acidosis (7) .
A recently discovered family of serine/threonine kinase proteins named WNK [with no lysine (K)] has been shown to regulate the activity of several membrane proteins (19) , in particular members of the SLC12 family and other Cl Ϫ transport pathways (25, 26) . Deletions of intron 1 of WNK1 or missense mutations in a conserved acidic region of WNK4 are the cause of a salt-dependent form of arterial hypertension known as pseudohypoaldosteronism type II (PHAII) (48) , featuring also hyperkalemia and metabolic acidosis. PHAIItype mutations in WNK4 affect the WNK4-related regulation of the thiazide-sensitive Na ϩ :Cl Ϫ cotransporter NCC (9, 49, 53) , the apical potassium channel ROMK (28) , and paracellular claudins (26, 52) . In addition to NCC, WNK4 also modulates the function of other Cl Ϫ transport pathways such as the basolateral Na ϩ :K ϩ :2Cl Ϫ cotransporter NKCC1 and the anion exchanger CFEX that mediates several different Cl Ϫ :base exchange activities (25) . WNK1 modulates the activity of WNK4 (54) and also regulates ROMK (10) and the apical amiloride-sensitive Na ϩ channel in CD (51) . Therefore, WNK kinases are emerging as important regulators of Cl Ϫ transport pathways in both epithelial and nonepithelial cells. In the present study, we thus analyzed the effect of WNK4 on the activity of the renal K ϩ -Cl Ϫ cotransporters KCC1, KCC3, and KCC4.
METHODS
Xenopus laevis oocyte preparation. Adult female X. laevis frogs were purchased from NASCO (Fort Atkinson, MI) and kept at the animal facility under constant control of room temperature (16°C). All animal procedures followed were in accordance with our institutional guidelines. Oocytes were surgically collected from anesthetized animals under 0.17% tricaine and incubated for 1 h under vigorous shaking in Ca 2ϩ -free frog Ringer ND96 (in mM: 96 NaCl, 2 KCl, 1 MgCl, and 5 HEPES/Tris, pH 7.4) in the presence of 2 mg/ml of collagenase B. Oocytes were then washed four times in regular ND96, manually defolliculated, and incubated overnight in ND96 at 18°C. The next day, mature oocytes were injected with 50 nl of water alone or containing 0.2 g/l of cRNA in vitro transcribed from cotransporters cDNAs or 0.1 g/l of cRNA in vitro transcribed from kinases described below. Oocytes were incubated at 18°C for 4 days in ND96 supplemented with 2.5 mM sodium pyruvate and 5 mg/100 ml of gentamicin; this incubation medium was changed every 24 h. On the day of the influx measurement, 2 h before the uptake assay, oocytes were switched to Cl 86 Rb ϩ uptake due to the K ϩ -Cl Ϫ cotransporter activity, uptake in all experimental groups was assessed in parallel in the presence or absence of extracellular chloride. When uptake in isotonic conditions was measured, the isotonic condition was generated by supplementing the incubation and uptake solutions with 3.5 g/100 ml sucrose to reach isosmolar conditions for oocytes (ϳ210 mosmol/kgH 2O). Ouabain was added to prevent 86 Rb ϩ uptake via the Na ϩ -K ϩ -ATPase. The absence of extracellular Na ϩ and the hypotonicity of the uptake medium prevented 86 Rb ϩ uptake via the endogenous Na
cotransporter that is present in oocytes (17) . All uptakes were performed at 32°C temperature. At the end of the uptake period, oocytes were washed five times in ice-cold uptake solution without isotope to remove extracellular fluid tracer. Oocytes were dissolved in 10% sodium dodecyl sulfate and tracer activity was determined for each oocyte by ␤-scintillation counting.
cDNA constructs and mutations. The full-length rabbit KCC1, human KCC2, human KCC3, and mouse KCC4 cDNAs are subcloned into the high expression vector pGEMHE (34, 35, 44) . The full-length mouse SPAK and WNK4 kinases are inserted into the amphibian oocyte expression vector pBF and were previously described (16) . Site-directed mutagenesis was performed on WNK4 cDNA to generate kinase dead WNK4 (WNK4-D318A), kinase dead SPAK (SPAK-K104R), or to introduce PHAII-type mutations (E559K, D561A, and Q562E) into the WNK4 sequence. Complementary sense and antisense oligonucleotides containing the appropriate mutations were custom made (Sigma). Mutations were performed using the QuickChange kit following the manufacturer's recommendations (Stratagene, La Jolla, CA). In addition, by means of double-step PCR, the sequence of the epitope tag HA was introduced in frame into the wild-type WNK4 and SPAK cDNAs. Then, using the appropriate restriction enzymes the tagged sequence was pasted into the catalytically inactive WNK4-D318A and SPAK-K104R cDNAs. To prepare cRNA, KCC1 and KCC4 cDNAs were linearized at their 3Ј-end with NheI, and KCC3 cDNA with NotI and transcribed in vitro using a T7 RNA polymerase mMESSAGE kit (Ambion). To prepare cRNA from the wild-type or mutant kinases WNK4 and SPAK cDNAs were linearized with MluI and transcribed in vitro using a SP6 RNA polymerase mMESSAGE kit (Ambion). Transcription product integrity was confirmed on agarose gels and concentration was determined by absorbance reading at 260 nm (DU 640, Beckman, Fullerton, CA). cRNA was stored in aliquots at Ϫ80°C until used.
Nested RT-PCR amplification of SPAK/OSR1 from X. laevis oocytes. External and internal primers for nested RT-PCR amplification of SPAK/OSR1 from X. laevis oocyte mRNA were custom made (Sigma) based on the X. laevis SPAK/OSR1 homolog serine threonine kinase 39 sequence deposited in the GenBank database (accession number BC077748). External primer sequences were sense 5Ј-TC-CATCAACAGGGACGACTA-3Ј and antisense 5Ј-ATGACCTCTG-GTGCCATCCA-3Ј and amplify a fragment of 563 bp. Internal primer sequences were sense 5Ј-CATCAAGAGAATAAACCTGG-3Ј and antisense 5Ј-GTACAGATCCATCGTCACCC-3Ј and amplify a fragment of 349 bp. Total RNA from X. laevis oocytes was isolated using the Tripure system (Roche) following the manufacturer's recommendations. Reverse transcription (RT) was carried out using 2.5 g of total RNA at 37°C for 60 min in a total volume of 20 l using 200 units of the Moloney murine leukemia virus reverse transcriptase (Invitrogen). The 563-bp fragment obtained with external primers was gel purified and used as template for the internal PCR. Products were resolved in 5% acrylamide gels.
Western blot analysis of wild-type and mutants HA-WNK4 and HA-SPAK. Total proteins were extracted from 10 to 15 oocytes per group by passing oocytes several times through a 0.4-mm needle syringe in lysis buffer using 4 l per oocyte (200 mM sucrose; 0.5 mM EDTA, 5 mM Tris⅐HCl, pH 7.0; inhibitor protease cocktail complete). The homogenates were centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatant was collected. Protein concentrations were assessed in duplicate using a Bio-Rad DC Protein assay (BioRad, Hercules, CA). For Western blot analysis, 20 g of proteins were diluted in 10 l loading buffer and subsequently denatured by boiling for 5 min. Proteins were resolved by SDS-PAGE and then transferred to polyvinylidine difluoride membranes (Amersham Pharmacia Biotech; 2 h at 400 mA). Prestained Rainbow markers (Amersham) were used as molecular mass standards. Nonspecific binding sites were blocked overnight at 4°C in 500 mM NaCl, 20 mM Tris-buffered saline containing 0.4% nonfat dry milk. Thereafter, membranes were incubated with 1:2,000 dilutions of a specific monoclonal anti-HA peroxidase-conjugated antibody (Sigma) diluted in blocking buffer (TTBS, 0.05% Tween 20) for 1.5 h at room temperature. Membranes were subsequently washed three times in TTBS for 10 min and immunoreactive species were detected using the ECL Plus Western blotting detection system (Amersham).
Statistical analysis. Statistical significance is defined as two-tailed P Ͻ 0.05 and the results are presented as means Ϯ SE. The significance of the differences between groups was tested by nonpaired t-test when two groups were compared or by one-way ANOVA with multiple comparisons using the Bonferroni correction. Although all experiments were performed at least twice, most of the observations are based on more than two experiments. . In all cases, the level of uptake was dramatically reduced in the absence of extracellular chloride, indicating that observed uptake was due to the activity of the exogenous K ϩ -Cl Ϫ cotransporter. As shown in Fig. 1 , P Ͻ 0.01 vs. KCC3 alone), and KCC4 activity by 55% (KCC4ϩWNK4 7,464 Ϯ 552 pmol⅐oocyte Ϫ1 ⅐h Ϫ1 , P Ͻ 0.01 vs. KCC4 alone). Thus coexpression of the K ϩ -Cl Ϫ cotransporters KCC1, KCC3, and KCC4 with WNK4 resulted in a significant reduction in their activity.
RESULTS

WNK4 reduces the activity of K
SPAK does not affect the activity of nonneuronal K ϩ -Cl Ϫ cotransporters in swollen oocytes. We showed previously that the STE20 kinase SPAK modulates the activity of other members of the cation-coupled chloride cotransporter, such as the Na (16) and interact at the protein-protein level with KCC3 (40) . Moreover, KCC3 possesses what appears to be a real SPAK binding motif (RVXF) at the NH 2 -terminal domain. Thus we assessed the effect of SPAK on the activity of the K ϩ -Cl Ϫ cotransporter in microinjected oocytes exposed to hypotonicity. As shown in Fig. 2 , however, no effect of SPAK was observed. Ϫ in the uptake medium. The pooled data from 4 experiments for KCC1 or KCC3 and 6 for KCC4 are shown, with means Ϯ SE of at least ϳ40, ϳ40, and ϳ60 oocytes for each group, respectively. *Significantly different from the uptake observed in the corresponding control (absence of WNK4, P Ͻ 0.01). Fig. 4A , nested RT-PCR analysis demonstrated the presence of SPAK/OSR1 transcript in X. laevis oocytes, indicating that this kinase is expressed endogenously. In addition, endogenous expression of SPAK/OSR1 was suggested by our previous observation that the SPAK-stimulated NKCC1 activity in oocytes is reduced in the presence of the catalytically inactive SPAK (16) . We thus coinjected oocytes with KCC4 cRNA alone, KCC4 ϩ wildtype WNK4, or KCC4 ϩ wild-type WNK4 ϩ the catalytically inactive SPAK harboring the K104R substitution that confers dominant negative activity (SPAK-KR) (16, 36) . As shown in Fig. 4B , the WNK4-induced inhibition of KCC4 activity was not affected by the presence of the catalytically inactive SPAK-K104R, suggesting that the WNK4 inhibitory effect of KCC4 is probably not requiring the endogenous SPAK.
Inhibition of KCCs by WNK4 is dependent on WNK4 catalytic activity. Previous studies with WNK1, WNK3, and WNK4 showed that catalytic activity of these kinases is required for regulation of some, but not for all of the WNKs target proteins. Catalytically inactive WNKs can be obtained by a single point mutation in which an aspartic acid of the kinase domain is substituted by alanine (50) . The mutations D368A, D294A, and D318A have been used for WNK1 (36, 47, 50) , WNK3 (41) , and WNK4 (9, 47, 49) , respectively. For instance, the ability of WNK4 to reduce the NCC activity is lost by the D318A substitution (9, 21, 49) , while its ability to inhibit the potassium channel ROMK is not affected by this mutation (28) . We thus analyzed whether the effect of WNK4 on K ϩ -Cl Ϫ cotransporters requires the kinase catalytic activity. To this end, experiments were performed in which X. laevis oocytes were injected with KCC1, KCC3, or KCC4 cRNA alone or coinjected with similar amounts of either wild-type WNK4 cRNA or the catalytically inactive WNK4 D318A cRNA. Four days later, 86 Rb ϩ uptake was assessed in all groups. The results of these series of experiments are shown in Fig. 5 . As shown in Fig. 5A , the KCC1-induced uptake of 7,655 Ϯ 546 pmol⅐ oocyte Ϫ1 ⅐h Ϫ1 was reduced to 3,616 Ϯ 501 pmol⅐oocyte Ϫ1 ⅐h Ϫ1 by wild-type WNK4, and to 5,377 Ϯ 385 pmol⅐oocyte Ϫ1 ⅐h Ϫ1 by WNK4-D318A. The difference between the KCC1 vs. KCC1ϩWNK4-D318A groups was significant. However, the difference between KCC1ϩWNK4 and KCC1ϩWNK4-D318A groups was also significant. As shown in Fig. 5, B and C , respectively. Thus the inhibitory effect of WNK4 on KCC1 was significatively reduced and on KCC3 and KCC4 was completely prevented by eliminating the catalytic activity of WNK4.
Protein expression of wild-type and mutant WNK4 and SPAK in oocytes. Western blot analysis was performed to find out whether the protein expression of the wild-type and mutant forms of WNK4 and SPAK were not affected by introduction of the mutations used to generate the catalytically inactive forms or by coexpression of two kinases together. To perform these experiments, the DNA sequence encoding the HA-tag epitope was introduced in frame into the wild-type and mutant kinases. Then, oocytes were injected with KCC1, KCC3, or Fig. 4 . Effect of dominant negative SPAK-K104R on WNK4-induced inhibition of KCCs activity under hypotonic conditions. A: nested PCR from X. laevis oocytes mRNA with specific external and internal primers to amplify SPAK/OSR1. Primers were designed using the reported sequence of X. laevis SPAK/OSR1 (accession number BC077748). The gel shows amplification of the expected size bands of both external and internal fragments from reverse transcriptase template and the nested PCR fragment obtained when the external band was used as template. The last 2 lines depict PCR analysis of external and internal fragments from mRNA not exposed to reverse transcriptase. B: oocytes were injected with water or 0.2 g/l each of KCC4 cRNA alone or together with WNK4 cRNA or WNK4 cRNA and SPAK-K104R cRNA, as stated. 86 Rb ϩ uptake was assessed 4 days later in hypotonic conditions (110 mosmol/kgH2O) in the presence (open bars) or absence (filled bars) of Cl Ϫ in the uptake medium. The pooled data from 3 experiments are shown. *Significantly different from the uptake observed in the corresponding control (absence of WNK4, P Ͻ 0.01). No difference was observed between the KCCϩWNK4 group when compared with the KCCϩWNK4ϩSPAK group.
KCC4 cRNA alone or together with wild-type or mutant WNK4 and/or SPAK cRNA. Three to four days later, one-half of the oocytes were used to assess functional expression by measuring 86 Rb ϩ uptake in the absence or presence of extracellular chloride. The other half were used to extract proteins for Western blot analysis using an anti-HA monoclonal antibody. Functional experiments exhibited similar results as those presented in Figs. 1 to 4 . That is, when oocytes were incubated in hypotonic conditions, the KCC activity was inhibited by wild-type HA-WNK4, but not by wild-type HA-SPAK or the catalytically inactive HA-WNK4-D318A. The level of inhibition observed by the coinjection of wild-type HA-WNK4 together with the catalytically inactive HA-SPAK-K104R was similar to that observed by HA-WNK4 alone. Thus the presence of the HA epitope did not affect the behavior of the wild-type and mutant kinases. Figure 6 shows a representative Western blot obtained from one of these experiments from KCC4 cRNA-injected oocytes. Results were similar when proteins were extracted from experiments in which KCC1 or KCC3 was the K ϩ -Cl Ϫ cotransporter cRNA injected (data not shown). As shown in Fig. 6 , no protein bands were detected by anti-HA antibodies in proteins extracted from X. laevis oocytes injected with water or with KCC4 cRNA alone. A band corresponding to WNK4 molecular mass (ϳ135 kDa) was detected in oocytes injected with HA-WNK4 cRNA. The presence and intensity of WNK4 bands were similar in oocytes injected with KCC4 plus wild-type HA-WNK4 cRNA compared with those injected with KCC4 plus HA-WNK4-D318A, HA-WNK4 and HA-SPAK, or HA-WNK4 and HA-SPAK-K104R. Thus expression of the mutant WNK4-D318A was similar to wild-type WNK4, and the presence of wild-type or mutant SPAK had no effect on WNK4 expression. In addition, a band corresponding to SPAK molecular mass (ϳ58 kDa) was observed in oocytes injected with wild-type or mutant SPAK. The intensity of the band was similar in the absence or presence of WNK4.
PHAII-type mutations do not affect the inhibition of KCCs by WNK4.
Missense mutations of an acidic domain of WNK4 are the cause of PHAII syndrome that features arterial hyper- Fig. 6 . Protein expression of HA-tagged active and inactive WNK4 and SPAK kinases. Representative image of a Western blot analysis of proteins extracted from X. laevis oocytes injected with water, KCC4 cRNA alone, or together with active and inactive HA-tagged kinases cRNAs, as stated is shown. Immunoblot was performed using monoclonal anti-HA antibody. No bands were observed in water-or KCC4 cRNA-injected oocytes. The bands of ϳ130 kDa correspond to wild-type HA-WNK4 or mutant HA-WNK4-D318A, while the bands of ϳ60 kDa correspond to wild-type HA-SPAK or mutant HA-SPAK-K104R. No differences in protein expression were observed between the active and inactive kinases or when any pair of cRNAs was coinjected. tension and metabolic acidosis among other clinical manifestations. It has been proposed that these mutations alter the way in which WNK4 regulates the activity of several membrane transport proteins. In some cases, as occurs with the inhibitory effect of WNK4 on NCC (9, 49), the mutations prevent this effect. In other cases, like the WNK4-induced inhibition of ROMK (28) or the WNK4-induced phosphorylation of claudins (26, 52) , the PHAII mutations increased the effect on its targets. In other words, PHAII-type mutations can behave as "loss-of-function" or "gain-of-function" mutations (19) . Because KCC4 is expressed in ␣-intercalated cells of the cortical collecting duct and its targeted deletion resulted in metabolic acidosis (7), we wanted to know whether the PHAII-type mutations affected the WNK4-induced inhibition of KCC4. The results, however, as shown in Fig. 7 revealed that wildtype WNK4 reduced the activity of KCC4 to a similar degree to WNK4 harboring any of the PHAII type mutations E559K, D561A, or Q562E.
Catalytically inactive WNK4 activates KCC2 and KCC3 in isotonic conditions. We showed before that WNK3 in its catalytically active and inactive form is able to bypass the tonicity requirement for regulation of the cation-chloride cotransporters. For example, wild-type WNK3 activates NKCC1 cotransporter, even when oocytes are incubated in hypotonic conditions in which NKCC1 is inhibited. In contrast, catalytically inactive WNK3-D294A inhibits NKCC1, even when oocytes are incubated in hypertonic solutions in which NKCC1 is activated. Similarly, wild-type WNK3 prevents the cell swelling-induced activation of all four K ϩ -Cl Ϫ cotransporters, while WNK3-D294A is able to activate the four K ϩ -Cl Ϫ cotransporters in isotonic conditions in which they are normally inactive (11, 27, 41) . Therefore, we analyzed the effect of wild-type WNK4 and the catalytically inactive WNK4-D318A on K ϩ -Cl Ϫ cotransporters in isotonic conditions. We first observed that in isotonic conditions, WNK4 has no effect on the K ϩ -Cl Ϫ cotransporter's activity. Then, we performed experiments in which oocytes were injected with the K ϩ -Cl Ϫ cotransporter cRNA alone or together with WNK4-D318A cRNA, the catalytically inactive form of SPAK (SPAK-K104R) cRNA or both inactive kinases simultaneously (WNK4-D318A ϩ SPAK-K104R). Then, 86 Rb ϩ uptake was assessed by incubating the oocytes in isotonic conditions. As shown in Fig. 8, A and B , respectively. The increase was significant (P Ͻ 0.01) compared with its respective control. In addition, although 86 Rb ϩ uptake was not affected by SPAK-K104R, neither in KCC2 nor in KCC3, coinjection of these cotransporters cRNA with WNK4-D318A cRNA and SPAK-K104R cRNA resulted in further increase in activity since 86 Rb ϩ uptake in KCC2 oocytes increased to 13,184 Ϯ 1,751 pmol⅐oocyte Ϫ1 ⅐h Ϫ1 (P Ͻ 0.01 vs. KCC2ϩWNK4-DA group) and in KCC3 oocytes to 4,483 Ϯ 603 pmol⅐oocyte Ϫ1 ⅐h
Ϫ1
(P Ͻ 0.01 vs. KCC3ϩWNK4-DA group). Thus our data suggest that catalytically inactive WNK4-D318A is able to induce activation of KCC2 and KCC3 in isotonic conditions, but not of KCC1 and KCC4. The activation of KCC2 and KCC3 observed by WNK4-D318A is similar to what we previously observed with the catalytically inactive form of WNK3 (WNK3-D294A) (11) and it is also similar to what would be expected with activation of the protein phosphatases, suggesting that WNK4-D318A is also able to activate some of the endogenous protein phosphatases in the oocytes. To test this possibility, we assessed the effect of the PP1 inhibitor calyculin A and/or the PP2B inhibitor cyclosporine A on the WNK4-D318A-induced activation of KCC2 or KCC3 in isotonic conditions. As shown in Fig. 9A , the activity of KCC2 was increased by WNK4-D318A and the increment was partially inhibited by calyculin A or cyclospirne A, and completely prevented by the combination of both inhibitors. Interestingly, the activation of KCC2 achieved by the combination of both inactive kinases WNK4-D318A and SPAK-K104R was not inhibited by calyculin A or cyclosporine A alone but was significantly decreased by the combination of both inhibitors. As Fig. 9B shows, the activation of KCC3 either by WNK4-D318A alone or both inactive kinases together was completely prevented by calyculin A.
DISCUSSION
In the present study, we analyzed the effect of the serine/ threonine kinase WNK4 on the functional expression of the K ϩ -Cl Ϫ cotransporter isoforms KCC1, KCC3, and KCC4. We observed that cell swelling-induced activation of K ϩ -Cl Ϫ cotransporters is partially (ϳ50%) inhibited by WNK4. The catalytic activity of WNK4 is required since the catalytically inactive WNK4-D318A, in which the aspartate 318 was substituted by alanine, lost the inhibitory effect of WNK4. The presence and/or activity of the STE20 kinase SPAK did not Fig. 7 . PHAII-type mutations do not change the WNK4-induced inhibition of KCC4 activity. X. laevis oocytes were injected with water or 0.2 g/l each of wild-type KCC4 or KCC4 cRNA together with similar amounts of KCC4 ϩ wild-type WNK4 or KCC4 ϩ WNK4 harboring the PHAII-type mutations E559K, D561A, or Q562A, as stated. 86 Rb ϩ uptake was assessed 4 days later in hypotonic conditions (110 mosmol/kgH2O) in the presence (open bars) or absence (filled bars) of Cl Ϫ in the uptake medium. The pooled data from 5 experiments are shown, with means Ϯ SE of at least 50 oocytes for each group. *Significantly different from the uptake observed in the corresponding control (absence of WNK4, P Ͻ 0.01).
affect the inhibitory effect of WNK4 on KCCs. In addition, PHA-II type mutations in WNK4 did not affect the WNK4 ability to reduce K ϩ -Cl Ϫ cotransporter activity. Finally, when activity of the cotransporters was assessed in isotonic conditions, we observed that catalytically inactive WNK4 is able to bypass the tonicity requirements for activation of KCC3 (and KCC2), but not for KCC1 and KCC4.
WNK kinases are emerging as powerful regulators of several transport pathways in many tissues. Among these transport mechanisms are the cation-coupled chloride cotransporters. The hypothesis that WNK kinases are regulators of salt transport mechanisms is supported by evidence indicating that WNK kinase activity is regulated by hypertonicity and hypotonicity (31) . In the kidney, WNK4 is most highly expressed in the distal nephron. In this region, the modulation of NCC and ROMK activity by WNK4 has been proposed to be critical for balancing the renal reabsorption of salt and secretion of potassium. WNK4 inhibits NCC and ROMK by different mechanisms. NCC inhibition requires the catalytic activity of WNK4 and is lost by PHAII-type mutations (9, 21, 49) , whereas ROMK inhibition is independent of WNK4 catalytic activity and is enhanced by PHAII-type mutations (28) . Thus it has been proposed that distinct states of WNK4 activity and regulation, presumably by aldosterone, may allow variations in WNK4 activity toward salt reabsorption and K ϩ secretion mechanisms, endowing the kidney with the ability for K ϩ secretion when K ϩ in plasma is increased, without having to activate salt reabsorption mechanisms, or increasing salt reabsorption, when required, without having to increase K ϩ secretion (28) . Outside the kidney, WNK4 is expressed in several polarized epithelial cells and modulates the activity of NKCC1 (16, 25) .
Another member of WNK kinases with remarkable effects on SLC12 cotransporters is WNK3. This kinase possesses the ability to bypass the tonicity requirements for activation or inhibition of the cotransporters. Wild-type WNK3 activates NCC, NKCC1, and NKCC2, and inhibits all four KCCs, even during cell swelling. In contrast, the catalytically inactive WNK3-D294A inhibits NCC, NKCC1, and NKCC2, and remarkably activates KCCs, even when oocytes are incubated in isotonic conditions (11, 27, 41) . Interestingly, WNK4 without catalytic activity (WNK4-D318A) loses its inhibitory effect on NCC, while WNK3 without catalytic activity not only loses its ability to activate NCC but actually turns into a powerful inhibitor of this cotransporter.
WNK1 does not seem to directly regulate the activity of SLC12 members. However, WNK1 has been proposed to be a major regulator of other WNK kinases. The WNK4-induced inhibition of NCC activity is prevented by WNK1 (53) and biochemical analysis has shown that WNK2 and WNK4 kinases can be phosphorylated and regulated by WNK1 (31) . In addition, WNK kinases not only interact with each other. Recent observations indicate that WNK kinases also interact with STE20-like kinases such as SPAK (or PASK) and OSR1, which have been shown to regulate NKCC1 activity (13, 39) . Gagnon et al. (16) observed that in the presence of SPAK, the effect of WNK4 on NKCC1 turned stimulatory when oocytes were incubated in isotonic conditions, but has no further effect when oocytes were exposed to hypertonicity, suggesting that WNK4ϩSPAK together are able to bypass the tonicity requirement for NKCC1 activation. Simultaneously, Vitari et al. (47) and Moriguchi et al. (36) using combinations of WNK1 or WNK4 with SPAK observed that NCC, NKCC1, or NKCC2 become phosphorylated at their NH 2 -terminal domain only when both WNK and SPAK kinases were expressed together, suggesting that WNK kinases lie upstream of SPAK (20) . Recently, it was shown that WNK1, but not WNK4, is able to regulate OSR1 kinase in HeLa cells (5) .
In the present study, we show that WNK4 also modulates the activity of the K ϩ -Cl Ϫ cotransporter isoforms that are expressed outside the central nervous system. We previously observed that KCC2 is partially inhibited by WNK4 (16) . The activity of KCC1, KCC3, and KCC4 is reduced by 50% when these cotransporters where coexpressed with WNK4. Thus the K ϩ -Cl Ϫ cotransporters are another Cl Ϫ transport pathway to be regulated by WNK4. Kahle et al. (25) showed that WNK4 inhibits the activity of NKCC1, whereas Gagnon et al. (16) showed that in the presence of SPAK, WNK4 increases the NKCC1 activity. Supporting these observations, Vitari et al. (47) and Moriguchi et al. (36) presented evidence that WNK1 and WNK4 are able to phosphorylate SPAK, which in turn interacts and phosphorylates the NH 2 -terminal domain of NKCC1. In the present study, we observed that WNK4 is a negative regulator of the K ϩ -Cl Ϫ cotransporters and that this type of effect is not changed by the presence of SPAK. This conclusion is based on the following observations. Although X. laevis oocytes exhibit endogenous expression of SPAK/OSR1 (Fig. 4) , the activity of KCCs was not affected by coinjection of KCCs cRNA with SPAK cRNA (Fig. 2) , the WNK4 effect on KCCs was not changed by coinjection of the KCCs with WNK4 and SPAK cRNA (Fig. 3) , and dominant negative SPAK-K104R did not affect the inhibitory effect of WNK4 (Fig. 4) . Thus WNK4 alone inhibits NKCC1 (25) and in the presence of SPAK activates NKCC1 (16, 36, 47) . In contrast, WNK4 alone or coexpressed with SPAK inhibits all K ϩ -Cl Ϫ cotransporters. Therefore, WNK4 (in the presence of SPAK) activates Cl Ϫ influx and inhibits Cl Ϫ efflux through members of the SLC12 family. This is a similar situation to that observed previously for WNK3 that activates Cl Ϫ influx pathways (NCC, NKCC1, and NKCC2) and inhibits Cl Ϫ efflux pathways (KCC1 to KCC4).
Three isoforms of the K ϩ -Cl Ϫ cotransporters are expressed in the kidney. Immunolocalization of KCC1 along the nephron has not been addressed. At the mRNA level, KCC1 transcripts have been shown to be expressed along the nephron (12, 32) . KCC3 and KCC4 are present in the PT basolateral membrane (7, 35, 46) in which their role has been proposed to be the regulation of cell volume, since large amounts of solute and water are transported by PT cells (24, 37) . For instance, stimulation of the Na ϩ -glucose cotransporter in the apical membrane of PT increases the load of salt and water into cells, presumably increasing cell volume, and activates a K ϩ efflux mechanism that is barium insensitive and inhibitable by 1 mM furosemide, strongly suggesting that the activated pathway is a K ϩ -Cl Ϫ cotransporter (6) . Null mice in which KCC3 or KCC4 was disrupted, however, did not show major disturbances in renal function attributable to PT cells. It is possible that the presence of one cotransporter is enough to compensate for the absence of the other, suggesting that double knockout mice will be required to clarify the role of K ϩ -Cl Ϫ cotransporters in PT cells. In TALH, the presence of a K ϩ -Cl Ϫ cotransporter pathway has been clearly demonstrated to be present in the basolateral membrane (3, 22) and immunolocalization studies indicate that it is the KCC4 isoform. In DCT KCC4 is expressed in the basolateral membrane. However, physiological studies have also suggested the presence of an apical K ϩ -Cl Ϫ cotransporter (4, 14, 45) . Because neither KCC3 nor KCC4 has been observed in DCT apical membrane, it is highly likely that KCC1 is the isoform responsible for such observations. Finally, KCC4 has a clear role in CD acid secretion. This isoform is expressed in the basolateral membrane of ␣-intercalated cells and targeted disruption of KCC4 resulted in renal tubular acidosis (7) . The proposed mechanism is that KCC4 is required for basolateral Cl Ϫ efflux that maintains the gradient for the basolateral Cl Ϫ :HCO 3 Ϫ exchanger to be functional. If the activity of this exchanger is reduced, the accumulation of HCO 3 Ϫ within the intercalated cell will prevent H ϩ production and secretion in the apical membrane, reducing the urinary acidification. Fig. 9 . Effect of the protein phosphatases inhibitors calyculin A and/or cyclosporine A on the WNK4-DA or WNK4-DA ϩ SPAK-KR-induced activation of KCC2 or KCC3 activity under isotonic conditions. X. laevis oocytes were injected with water or 0.2 g/l each of KCC2 (A) or KCC3 (B) cRNA alone or together with WNK4-D318A cRNA or WNK4-D318A and SPAK-K104R cRNA, as stated. 86 Rb ϩ uptake was performed 3 days later in control conditions (open bars) or in the presence of 100 nM calyculin A (gray bars), 25 g cyclosporine A (black bars), or both inhibitors together (stripped bars). 86 Rb ϩ uptake is expressed as the Cl Ϫ -dependent fraction. *Significantly different from the same group in the absence of inhibitor (P Ͻ 0.05).
Because WNK4 is most highly expressed in DCT and CD, it is expected that regulation of KCCs by WNK4 will affect the function of these cotransporters in the distal nephron, adding another pathway for the WNK4-induced inhibition of K ϩ secretion. Interestingly, WNK4 inhibition of the potassium channel ROMK does not require the kinase catalytic activity (28) . In contrast, WNK4-induced inhibition of K ϩ -Cl Ϫ cotransporters requires the WNK4 catalytic activity. This increases the diversity of regulatory possibilities by WNK4, because it is possible that WNK4 is inhibiting two different K ϩ secretory mechanism in DCT by different mechanisms. The requirement of catalytic activity of WNK4 to inhibit K ϩ -Cl Ϫ cotransporters suggests that WNK4 induces phosphorylation of KCCs because it is known that KCC remains inactive when these proteins are phosphorylated (1). In addition, WNK4 could also be involved in regulating urine acidification. The expression of WNK4 along the CD has been demonstrated by three studies (30, 38, 48) . None of them, however, specifically shows that WNK4 is expressed at the ␣-intercalated cells. If this were the case, then the inhibition of KCC4 by WNK4 could decrease the H ϩ secretion by ␣-intercalated cells of the CD following the proposed mechanism by Boettger et al. (7) . We explored the effect of PHAII-type mutations on KCC4 inhibition by WNK4 as a potential mechanism to explain part of the metabolic acidosis seen in these patients. However, our data do not support this possibility. In contrast to what has been observed for NCC (9, 49) , ROMK (28) , and claudins (26, 52) , PHAII-type mutations in WNK4 do not affect its inhibitory properties on KCC4. Because outside the kidney WNK4 is expressed in several Cl Ϫ -transporting polarized epithelia (25) , the regulation of KCCs in these places could play a role in transepithelial K ϩ transport. We previously observed that eliminating the catalytic activity of WNK3 by the D294A substitution (41) switch this kinase affects members of the SLC12 family. Wild-type WNK3 activates NCC, NKCC1, and NKCC2, while the catalytically inactive WNK3-D294A completely inhibits the activity of these Na ϩ -driven cotransporters (27, 41) . A similar situation occurs with KCCs. Wild-type WNK3 completely inhibits the activity of all four KCC cotransporters, even when oocytes were exposed to hypotonicity in which KCCs are maximally active, whereas WNK3-D294A activates the KCC cotransporters, even when oocytes are incubated in isotonic medium during the uptake where it is known that KCCs are inactive (11) . KCC activation by WNK3-D294A apparently is due to WNK3-D294A-induced activation of protein phosphatases 1 and 2B (11) . Thus WNK3 has the ability to bypass the tonicity requirements for regulation of the SLC12 family members. In the present study, we explored whether a similar situation occurs by eliminating the catalytic activity of WNK4. Interestingly, we observed that KCC2 and KCC3 but not KCC1 or KCC4 were activated by WNK4-D318A. When catalytically inactive SPAK-K104R cRNA was added to the coinjection cocktail, further activation of KCC2 and KCC3 was observed. These effects of the catalytically inactive kinases were partially or completely prevented by the protein phosphatase inhibitors calyculin A or clyclosporine A (Fig. 9) , suggesting that, as we previously observed with the catalytically inactive form of WNK3 (11), WNK4-D318A-induced increase in 86 Rb ϩ uptake by KCC2 and KCC3 is associated with activation of the protein phosphatases. Because KCC1 and KCC4 were not activated in the same way, it is possible that unique sequences or motifs within KCC2 and KCC3 endow these isoforms with the ability to be activated by WNK4-D318A. Further studies will be required to clarify these possibilities.
In summary, in the present study we show that K ϩ -Cl Ϫ cotransporters are inhibited by WNK4, adding another Cl Ϫ transport mechanism that is regulated by this kinase. WNK4 inhibits KCCs by mechanisms in which WNK4 catalytic activity is required. PHAII-type mutations do not change the effect of WNK4 on KCC cotransporters. Finally, the catalytically inactive WNK4 is able to activate KCC2 and KCC3 in isotonic conditions.
